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have been analysed extensively [1] . In complex turbulent flows, the regions of compression and stretching interact with each other, which leads to lumped distributions of vorticity ⃗ ⃗ . The distribution of vorticity is closely related to intermittency in turbulent flows [2] . Vorticity on average is more likely to be stretched than compressed [3, 4] . Vortex stretching is responsible for spreading turbulent velocity fluctuations over different length scales [5, 6] . This stretching mechanism is important for the understanding of the enstrophy (i.e. ⃗ ⃗ ⃗ ⃗ ) transport and energy cascade in turbulent flows. Due to stability reasons strong vorticity regions are organised in the form of tubes. Ruetsch and Maxey [7] demonstrated that the dissipation of energy is correlated with vorticity tubes. The regions of moderate dissipation surround the vorticity tubes and regions of intense dissipation exist between two or more neighbouring tubes. Generally large dissipation regions do not coincide with high vorticity regions [2, 8] . Numerical data shows various evolution modes from the interaction of spiral sheets and vortex tubes [9] . In describing the vortex tube geometry, general estimation suggests that the length and radius of the vortex tubes are of the order of the Taylor and dissipative scales, respectively [10] . More detailed analysis suggests that the radius of curvature of the vortex filaments remains of the order of the Taylor micro-scale [11] . The correlation length of different properties along the filament is scaled differently with ambiguity [12] . There is still no consensus on the methodology of identification of the vortical structure [13, 14] . One needs a predetermined threshold value of the second invariant of the velocity gradient tensor to quantify the vortex tubes, which occupy volumetrically a small (i.e. typically less than Haller [12] suggested that the vortex definition should be invariant under a general coordinate transformation, based on which the defined vortical regions under different frames show good agreement.
Recently an interesting idea of defining the vortex tube segment [14] has been introduced, which is helpful in quantifying the global statistics of the vorticity field.
In comparison to the analysis of the vorticity field in non-reacting flows, relatively limited focus has been given to turbulent reacting flows, where the underlying flow structure is significantly affected by heat release, density variation and flame normal acceleration. Nomura & Elgobashi [15] , Boratov et al. [16] and Jaberi et al. [17] analysed the alignment of the vorticity vector with local principal strain rates in nonpremixed flames and demonstrated that the vorticity vector ⃗ ⃗ aligns with the intermediate principal strain rate in non-premixed flames similar to non-reacting turbulent flows. However, the vorticity vector in non-premixed flames shows appreciable probabilities of local alignment with the most extensive principal strain rate [15] [16] [17] . Boratov et al. [16] demonstrated that the extent of vorticity alignment with the most extensive principal strain rate increases in the regions where the magnitude of strain rate dominates over the vorticity magnitude. Jaberi et al. [17] indicated that the alignment of vorticity with the most extensive principal strain rate increases due to chemical heat release in non-premixed flames, whereas ⃗ ⃗ remains mostly perpendicular to the most compressive principal strain rate in both reactive and nonreactive regions of non-premixed turbulent combustion. Hamlington et al. [18] analysed the alignment of vorticity with local principal strain rates in premixed flames in the thin reaction zones regime combustion, and reported that the alignment of ⃗ ⃗ with local principal strain rates in the thin reaction zones flames is qualitatively similar to the previous findings in the context of non-premixed combustion. [18] and non-premixed [15] [16] [17] flames characterized by unity Lewis number or in non-reacting flows.
Considering the vorticity energy, Hamlington et al. [18] showed that enstrophy decays significantly in the burned gas across the flame brush, whereas Treurniet et al.
[21] demonstrated an opposite trend for the flames with high density ratio (or heat release parameter). This behaviour has been explained by Lipatnikov et al. [22] by analysing the terms of enstrophy and vorticity transport equation for weakly turbulent premixed flames representing the corrugated flamelets regime. The enstrophy field in turbulent premixed flames using cinema-stereoscopic Particle Image Velocimetry (PIV) measurements of rim-stabilised turbulent premixed flames has been investigated [23] [24] [25] [26] and confirmed some of the observations based on Direct Numerical Simulations (DNS).
In addition to the aforementioned local vorticity statistics (e.g. alignment of vorticity with local principal strain rates) of turbulent premixed flames, the interaction between the flame surface and the turbulent fluid motion is fundamentally non-local in nature. Therefore, it is useful to analyse the turbulent reacting flow physics beyond the F o r P e e r R e v i e w O n l y pointwise local statistics. However, the analysis related to non-local geometrical features is relatively scarce. In order to address this gap, the concept of the dissipation element structure was introduced by Wang and Peters [27] in the context of nonreacting passive scalar turbulence. According to dissipation element analysis, each spatial point is associated with a trajectory along which the scalar value changes monotonically along the local scalar gradient. All the spatial points, whose trajectories share the common local extremal points, are collectively referred to as a dissipation element. Such a structure is space-filling and the statistics of the entire turbulent field in principle can be understood in terms of the fine-structure statistics of the dissipation elements. Wang [14, 28] extended this idea to the velocity and vorticity vectors.
Consequently Wang et al. [29] and Chakraborty et al. [30] applied the streamline segment concept to study the non-local velocity statistics around the premixed flame surface. The advantage of such an analysis is to address the non-local features of turbulent reacting flow fields in a quantitative manner in terms of precisely defined geometrical structures.
In the present work, an alternative vorticity based on the curl of densityweighted velocity (i.e. pseudo-vorticity) is defined to account for density change due to 
2: Mathematical background
The momentum conservation equation for the i th direction is given by:
where is the i th component of velocity, is the gas density and ⁄ ⁄ ⁄ are the components of the stress tensor. Taking curl of eq. 1 yields the transport equation of the i th component of vorticity :
The term on the right hand side of eq. 2 is the vortex-stretching term, whereas the terms and arise from the misalignment between the gradients of viscous stress and density and the diffusion of vorticity. The third term on the right hand side of eq. 2 (i.e. term ) is responsible for vorticity destruction by dilatation rate, whereas the last term on right hand side of eq. 2 (i.e. term ) is responsible for baroclinic effects arising from the misalignment of the density and pressure gradients.
Multiplying with both sides of eq. 2 yields the transport equation of enstrophy :
It is possible to define a pseudo-vorticity in the following manner 
On Reynolds averaging eq. 3 one gets:
where ̅ ( ̃ ̅̅̅̅ ̅ ) and 
Similar to eq. 7, is the vortex stretching contribution to transport, whereas the terms and signify the dissipation of due to dilatation. The term is responsible for molecular diffusion of due to viscous action, whereas the terms and originate due to density and dilatation gradients.
The distributions of and and the relative alignment between ⃗ ⃗ and ⃗ ⃗ will be discussed in Section 4 along with statistical behaviours of and . The first term on the right hand side of eq. 3 is the enstrophy production term which is often expressed as ⃗ , where is the distance in the vorticity line direction. Thus, the statistical behaviour of vorticity lines is of fundamental importance. For this reason, this analysis will focus on the interaction between the flame surface and vorticity lines. The statistical behaviour of the vortex line segments will also be discussed in detail in Section 5 of this paper.
3: Numerical implementation
Addressing both the three-dimensionality of turbulence and detailed chemical mechanism involves high computational cost for a detailed parametric analysis [31] . 21 The long side of the computational domain (i.e. direction) is taken to align with the mean direction of flame propagation. The grid spacing is determined by the resolution of flame thickness and about 10 grid points are kept within . For case A, the boundaries in the direction of mean flame propagation are taken to be inlet and outlet, whereas these boundaries are taken to be partially non-reflecting for cases B-G. The transverse boundaries are taken to be periodic. All non-periodic boundaries are specified using the Navier Stokes Characteristic Boundary Conditions (NSCBC)
technique [34] . The spatial discretisation has been carried out using high order finite difference techniques, whereas the time advancement has been carried out using a 3 rd order low storage Runge-Kutta technique. The initial turbulent velocity fluctuations were specified using a standard pseudo-spectral method [35] , whereas scalar fields were initialised using a steady unstrained planar laminar premixed flame solution. In all cases flame-turbulence interaction takes place under decaying turbulence, which necessitates a simulation time , where is the initial eddy turn over time and is the chemical time scale. For case A the statistics were extracted after [36] [37] [38] [39] [40] [41] [42] . By the time the statistics were extracted, the global turbulent kinetic energy and its dissipation rate in the unburned gas ahead of the flame had decayed by about 50%, 50%, 53%, 61%, 45%, Interested readers are referred to Rutland & Cant [32] ; Chakraborty et al. [43] [44] for further numerical details. 
distribution of enstrophy and pseudo-enstrophy
The distributions of normalised enstrophy in the central mid-plane for selected cases are shown in Fig. 1 where the contours of from 0.1 to 0.9 (left to right) are superimposed on the enstrophy field. The corresponding distributions of across the flame front is consistent with previous findings [18, 21, 22] . However, an opposite trend is observed in case A where shows a local augmentation in magnitude across the flame which is again consistent with the observations of Treurniet et al. [21] and Lipatnikov et al. [22] . Other cases follow qualitatively the trend indicated by cases C and G, and thus are not shown here for the sake of brevity. Fig. 5a shows high probability of finding although a small cluster can be discerned at . By contrast, the sample points are clustered around in case B. A similar qualitative trend has been observed for case C but the spread of around 1.0 is relatively greater in case C than in case B. The spread of from 1.0 to -1.0 is more uniform in case C than in case G.
Noting that , the fluctuations of ⃗ ⃗ and ⃗ ⃗ ⃗ ⃗ scale as: ⁄ and respectively, where the fluctuating velocity and the length scales associated with the fluctuations of vorticity and velocity are scaled using rms turbulent velocity and Taylor micro-scale respectively [11] . Since the Karlovitz number can also be written as ⁄ , the ratio of ⃗ ⃗ ⃗ ⃗ can be For the following discussion it is useful to decompose strain rate into its most extensive, intermediate and most compressive principal strain components (i.e. and respectively) and to analyse their alignments with the vorticity vector ⃗ ⃗ by looking at the angles and between ⃗ ⃗ and and , respectively. The corresponding angles for ⃗ ⃗ are given by and . Furthermore it is worth noting that the vortex-stretching term can be expressed as: [18] demonstrated that the relative dominance of heat release effects over turbulence leads to a preferential alignment of ⃗ ⃗ with , which is consistent with the difference in vorticity alignment behaviour between cases C-G. It is worth noting that ⃗ ⃗ aligns with in non-reacting turbulent flows [53-55]. Figure 7 shows that ⃗ ⃗ predominantly aligns with in all cases similar to vorticity alignment in non-reacting flows, which is confirmed by higher probability of finding | | than that of finding | | and | | .
Case (a) (b)
A . In case A, the dilatation rate remains almost equal to the extensive principal strain rate [20] , and thus the enstrophy is selectively suppressed in the direction of the most extensive principal strain rate throughout the flame [20] due to the strong action of dilatation rate (see the term on right hand side of eq. 2). Thus, the vorticity vector ⃗ ⃗ in case A is aligned with the intermediate and the most compressive principal strain rates irrespective of the curvature values, whereas ⃗ ⃗ aligns predominantly with the most extensive principal strain rate in this case [56] .
The orthogonality of principal strain directions leads to a high probability of obtaining orthogonality between ⃗ ⃗ and ⃗ ⃗ , which is reflected in high probability of finding in case A. As ⃗ ⃗ in cases B, E-G aligns with the intermediate strain rate
irrespective of the curvature values, whereas ⃗ ⃗ aligns predominantly with the most extensive principal strain rate in the reaction zone (e.g. isosurface), this leads to high probability of finding in these cases. It has already been shown in Fig. 6 that ⃗ ⃗ aligns preferentially with the eigenvector corresponding to and in case C, whereas in this case ⃗ ⃗ predominantly aligns with . Thus, there is some degree of alignment between ⃗ ⃗ and ⃗ ⃗ in case C (also in case D), which leads to a uniform distribution between and .The flame normal vector leading to a high probability of orthogonality between ⃗ ⃗ and ⃗ ⃗ .
Statistical nature of enstrophy and pseudo-enstrophy transport
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Characteristic parameter analysis
The arc length of VLS can be understood as the characteristic scale of the local flow field. The joint PDF between and indicates how the local fine scale depends on the relative orientation between flame normal and vorticity, which is shown for cases A, B, C and G in Fig. 13 . It is evident that in case A there is a hump in the joint PDF, i.e. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and ⃗ ⃗ show a certain degree of collinear alignment in case C, which results in a homogeneous joint PDF between and , as shown in Fig. 13 (c) . As mentioned earlier, VLS can be characterized by the arc length and the vorticity difference between extremal points. In homogeneous non-reacting turbulence the joint PDF between and shows two distinct symmetrical branches for positive and negative VLS [14] , which is in sharp contrast to the similar joint PDF for the Refs. [14, 28] for the detailed discussion in this regard.
Similar to the non-reactive turbulence case, the joint PDFs between and in reactive turbulence are symmetric. For the ⃗ ⃗ field, the joint PDF between and for case A is shown in Fig. 15 Figure 15(b) shows the joint PDF between and for case A, which is qualitatively the same as in Fig. 15(a) . By grouping all VLS according to their orientations, VLS can point to either the unburnt side or the burnt side of the flame. The corresponding joint PDF conditional on VLS pointing to the unburnt side is shown in Fig. 15(c) , while the joint PDF conditional on the VLS pointing to the burnt side is shown in Fig. 15(d) . Very differently from Fig. 15 (a) and (b), the split joint PDFs in 
Conclusions
The concept of pseudo-vorticity ⃗ ⃗ (i.e. curl of density-weighted velocity vector ⃗ ) has been introduced in this work and transport equations for ⃗ ⃗ and pseudo-enstrophy 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the flow is closer to a non-reactive case, the observed asymmetry in the joint PDFs is mainly from the difference of , which can be attributed to the density jump across the flame. As the alignment of vorticity with local principal strain rates, and the statistical behaviour of VLS change from one case to another, whereas the 
Multiplying the momentum equation (1) 
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